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MIC determination of fusidic acid and of cipro¯oxacin using multidisk
diffusion tests
G.Kronvall
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Objective To investigate the possibility of estimating theMICs of fusidic acid and cipro£oxacin for
bacterial isolates using series of antibiotic disk concentrations in di¡usion tests, so-calledM-tests.
Methods Thirty Staphylococcus aureus and S. epidermidis strains were tested for fusidic acid susceptibility.
Sixty-one clinical isolates of eight bacterial species were tested for cipro£oxacin susceptibility. Disk
di¡usionwas standardized according to the Swedish reference group for antibiotics (SRGA). For fusidic
acid, a series of disks (1.5, 5.0,15, 50 and150 mg) was used. Cipro£oxacinwas applied in four di¡erent
di¡usion sources (1, 3,10 and 30 mg) on a single strip, theM-strip, and used.TrueMICvalues were
determined using the standardized agar dilutionmethod according to the SRGA. Single-strain regression
analysis (SRA)was employed to calculate critical concentration equivalents (Qzero).
Results Fusidic acid and cipro£oxacin critical concentrationswere determined for the bacterial isolates.
Themean conversion factors forQzero to yield the trueMICwere 2.06 (range 0.34^8.9) for fusidic acid and
2.05 (range 0.37^8.1) for cipro£oxacin.Therewas a correlation between trueMICvalues (allMICs expressed
as 2 log 9) and the calculatedMICvalues (Qzero conversion factor) for both fusidic acid (R 0.9822)
and cipro£oxacin (R 0.9696).
Conclusions MICvalues of clinical isolates can be estimated using SRAcalculations on zone
measurements in disk tests with several concentrations of the antibiotic in di¡usion sources.
Keywords Fusidic acid, cipro£oxacin,MIC estimation, disk di¡usion test, calibration, Staphylococcus
aureus, Escherichia coli, Enterobacteriaceae, Pseudomonas aeruginosa
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The theoretical basis for the disk di¡usion test was explored
during the 1950s and 1960s [1^4]. Based on these studies, an
alternative regression line equationwas formulated, called sin-
gle-strain regression (SRA), where the disk content variable
was retained, thereby permitting calculation of the equation
constants using disks with di¡erent contents [5,6].These equa-
tion constants also determine the relationship between the
minimum inhibitory concentration (MIC) and inhibition
zone diameter. One reference strain with a de¢ned MIC value
for an antibiotic will therefore give the regression line for that
particular species, thus permitting the calibration of disk dif-
fusion tests. The SRA equation has been applied to quality
assessment of disk di¡usion tests as well as for calibration of
the tests [7^10]. SRA also has potential for the analysis of new
antibiotics and for selecting an optimal disk content of anti-
biotic in routine testing using the disk di¡usion method [9^
11].
The original equations also indicated that the concentration
in the di¡usion source is proportional to the critical concentra-
tion when the inhibition zone is zero. This correlation has
been tested by other authors using di¡erent variations of the
equations [12^14]. Since SRA includes the disk content (Q),
this equation might be used for estimation of the critical con-
centration, an MIC correlate, when the inhibition zone is zero
(Qzero value). We have tested this approach using a series of
fusidic acid disk contents and staphylococci as well as using a
strip with four distinct applications of di¡erent cipro£oxacin
amounts and eight common bacterial species.The commercial
availability of several automatic reading devices based on
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image analysis might make it possible to determine the MIC
value of an antibiotic for a bacterial strain based on these prin-
ciples, using di¡erent contents of an antibiotic in di¡usion
sources.
M A TE R IA L S A N D M E TH O D S
Bacterial strains and culture media
In a ¢rst series of experiments using fusidic acid and staphylo-
coccal strains, 10 strains of Staphylococcus aureus, six strains of
methicillin-resistant S. aureus, seven strains of S. epidermidis,
and seven strains of methicillin-resistant S. epidermidis were
included, 30 strains in all.The strains were obtained from var-
ious sources in Sweden (courtesy Barbro Olsson-Liljeqvist,
SMI, Stockholm, Sweden) and represented a spectrumofMIC
values for fusidic acid from0.064 to 256mg/L.The strainswere
grown on Columbia blood agar base, supplemented with 5%
horse blood (SvenskaLab. Fab., Ljusne, Sweden).
In a second series of experiments using cipro£oxacin, 61
bacterial strains were included belonging to eight common
pathogenic species collected at the Clinical Microbiology
Laboratory at Karolinska Hospital during September 1997.
The species studied were S. aureus (7 MSSA, 3 MRSA), Entero-
coccus faecalis (10), Escherichia coli (13), Klebsiella pneumoniae (5),
Proteusmirabilis (3), Enterobacter cloacae (5), Pseudomonas aeruginosa
(10), and Acinetobacter species (5).The isolates were cultured on
Oxoid Iso-Sensitest Agar (Oxoid Ltd, Basingstoke, UK) and
stored in brothmedium in the freezer atÿ80 C.
The following control strains were also used in the investi-
gations: Staphylococcus aureus ATCC (American Type Culture
Collection) 29213 (CCUG, Culture Collection of the Univer-
sity of Gothenburg, 15915), Enterococcus faecalis ATCC 29212
(CCUG 9997), Escherichia coli ATCC 25922 (CCUG 17620),
and Pseudomonas aeruginosaATCC 27853 (CCUG17619).
MIC determinations
The MICs of fusidic acid or cipro£oxacin for bacterial isolates
were determined using the standardized agar dilution method
according to the Swedish Reference Group for Antibiotics
(SRGA) [15]. Pharmacologic MIC limits for interpretation of
susceptibility were SR 0.5mg/L and Rr1.0mg/L for fusi-
dic acid, and SR1.0mg/L and Rr 4.0mg/L for cipro£oxa-
cin, according to the SRGA [15]. Species-related MIC limits
for fusidic acid were SR 0.5mg/L and Rr1.0mg/L for Sta-
phylococcus species, and for cipro£oxacin SR 0.06mg/L and
Rr 4.0mg/L for Staphylococcus species, SR 0.12mg/L and
Rr 4.0mg/L for Enterococcus species, SR 0.12mg/L and R
r 2.0mg/L for members of the Enterobacteriaceae, and SR
1.0mg/L and Rr 2.0mg/L for Pseudomonas species (for
updated information, see: http://www.srga.org).
Disk diffusion antibiotic susceptibility testing
The antibiotic susceptibility of bacterial isolates was deter-
mined using the disk di¡usion method standardized accord-
ing to the Swedish Reference Group for Antibiotics (SRG)
[15], with interpretation adjusted for species groups [6,16]
(http://www.srga.org). The bacterial strains were inoculated
ontoOxoid Iso-Sensitest agar. Antibiotic disks were placed on
the surface, and this was followed by predi¡usion at room
temperature for 30min and then by overnight incubation at
37 C. Inhibition zone diameter values were read by a pair of
calipers, in millimeters to one decimal place. Fusidic acid disks
(50 mg) and cipro£oxacin disks (10 mg) were obtained from
Oxoid Ltd (Oxoid AB, Sollentuna, Sweden).
Interpretive zone diameter breakpoints according to the
SRGA for fusidic acid using a 50-mg disk were Sr 30mm
and RR 26mm for Staphylococcus species, and for cipro£oxa-
cin using a 10-mg disk they were: Sr 22mm (recently chan-
ged to 40) and RR18mm for Staphylococcus species; Sr 32
mm and RR12mm for Enterococcus species; Sr 26mm and
RR19mm for members of the Enterobacteriaceae; and Sr
23mm and RR19mm for Pseudomonas and Acinetobacter spe-
cies [15] (http://www.srga.org).
Single-strain regression analysis (SRA) using disks or an
M-strip
In the ¢rst set of SRA experiments, a series of disks was pro-
duced containing 1.5, 5.0, 15, 50 and 150 mg of fusidic acid. For
the cipro£oxacin experiments, paper strips were used, 6mm
wide, containing four di¡erent concentrations of cipro£oxa-
cin, with the four antibiotic positions markedwith lines across
the strip (1, 3, 10 and 30 mg of cipro£oxacin). These so-called
M-strips were provided by Oxoid Inc. (Basingstoke, UK).
SRA testing followed the procedures for disk di¡usion sus-
ceptibility testing with the application of the M-strip or paper
disks. Zone readings including one decimal were performed
with a pair of calipers.
Calculations using a series of disks or the M-strip followed
amodi¢ed SRAequation [5]:
Z2  A logQ  M
Constant A is the same as constant A in the original SRA
equation [5]. Constant M includes the MIC of the strain.
According to the SRAequation as well as to the original equa-
tions, when the inhibition zone is equal to zero then there is a
correlation between disk content and the critical concentra-
tion (1MIC) of the strain. The Q-value at zero zone (6mm
disk diameter), called Qzero, was therefore calculated for each
strain. This test procedure is here called the M-test, and the
modi¢ed SRAequation is calledM-SRA.
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In some equations describing the formation of a growth
inhibition zone, the measurement used for calculations is the
radius instead of the diameter. In preliminary experiments, the
linearity of growth inhibition squared was plotted against the
logarithm of the disk content. In all experiments, the linearity
was better when the inhibition zone diameter (including the
disk diameter) was used as compared to the radius. Measure-
ment of the zone diameter proper was therefore retained for all
calculations in the SRA equation as well as in the modi¢ed
equation for theM-test,M-SRA.
R E S U L TS
Fusidic acid M-testing
Disk di¡usion test results were recorded for the ¢ve di¡erent
fusidic acid disks (1.5, 5.0, 15, 50 and 150 mg) tested ¢ve times
on the 30 staphylococcal strains as well as the reference strain,
S. aureusATCC 29213. Using the M-SRA equation, theA and
M constants and the Qzero values were calculated. The means
of the ¢ve tests of each strainwere analyzed further. Aprimary
control of theA constant did not reveal signi¢cant di¡erences
between the four groups of staphylococci, MSSA (A 488.5,
SD 29.8), MRSA (A 572.7, SD 78.9), MSSE (A 482.9,
SD148.4), and MRSE (A 476.2, SD172.6).Three strains
of S. aureus (one MSSA, two MRSA) with fusidic acid MIC
values of 256mg/L produced inhibition zones for less than
two of the di¡usion sources and could therefore not be
included inM-SRAcalculations. It can be noted that the stan-
dard deviation was much higher for S. epidermidis than for the
two groups of S. aureus. The control strain ATCC 29213 gave
an A constant of 521.4.The Qzero value of this strain was 0.070
(SD 0.027) and the true MIC value was 0.064mg/L. The
other 27 strains gave Qzero values which ranged between 0.011
and 12.7. The ratio MIC/Qzero ranged between 0.34 and 8.93,
with a mean value of 2.06. Plotting the ratio over the corre-
sponding Qzero value showed no correlation between the two
variables. The range of the ratios was greater for small Qzero
values.
The relationship between true MIC values and Qzero with
a mean of 2.06 was used to calculate MIC results based on
Qzero values. The results were plotted against true MIC and
showed a signi¢cant correlation (Figure 1). It is apparent that
doubled Qzero values are close to the true MIC values, and M-
tests might therefore be used for fusidic acid MIC estimations
for clinical isolates of staphylococci.
Cipro¯oxacin M-tests
When M-strips containing four di¡erent amounts of cipro-
£oxacin at speci¢ed locations were applied to an agar medium
inoculated with various bacterial strains, including reference
strains, and incubated overnight at 37 C, inhibition of the
growth of the bacterial colonies was noted along the M-strip
(Figure 2). The inhibition showed a rounded circumference
corresponding to the places where the antibiotic was applied
to the strip, and the diameter of inhibition across the strip at
these locations was therefore easy to measure. It was apparent
that the M-strips functioned well technically and did produce
inhibition zones mimicking individual disks.
The constant A of the M-SRA equation and the Qzero
value were then calculated for all 61 bacterial strains of eight
di¡erent species.The mean values of constant A (and standard
deviation) were: S. aureus 505 (SD 89); Enterococcus faecalis
503 (SD 58); Escherichia coli 496 (SD118); Klebsiella pneu-
moniae 476 (SD 74); Proteus mirabilis 579 (SD 54); Enterobac-
ter cloacae 426 (SD 86); Pseudomonas aeruginosa 738 (SD
151); and Acinetobacter species 514 (SD 90). This constant
determines the slope of the curve, and the higher value for
Pseudomonas aeruginosa re£ects a regression curve which is
much steeper as compared to the others.
The Qzero values were then compared with the true MIC
values of the strains, and the ratio MIC/Qzero was calculated.
This ratio represents the conversion factor (CF) from Qzero to
MIC according to the relation: QzeroCFMIC.The mean
value of all CF was calculated to be 2.05. The relationship
between Qzero and CF was also plotted for all strains showing
a range of values between 0.37 and 8.1.When the correlation
was plotted for individual species, there was a tendency
among S. aureus, Enterococcus faecalis, Escherichia coli and Entero-
bacter cloacae strains towards higher CF values at higher Qzero;
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Figure 1 Estimated fusidic acid MIC values from M-SRA calcu-
lations (Qzero 2.06) for 27 Staphylococcus strains plotted
against their true MIC values show a signi®cant correlation
(calculated MIC1.1373 0.8967 true MIC, R 0.9822; MIC
values are all expressed as 2 log9). Broken lines indicate the
95% con®dence interval.
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than calculated values using the mean of the conversion fac-
tors.
For an estimation of the MIC values of the strains, the
Qzero value was multiplied by the overall conversion factor
2.05, and these calculated MIC values were then compared
with the true values of the strains (Figure 3). Both the true and
the calculated MIC values were expressed as 2 log 9 [6,17]. A
direct linear correlation between calculated MIC and the true
MIC values of the strains is apparent from the plot. An M-
stripmight therefore be used forMIC calculations.
The inhibition zones around the M-strip in SRA tests
using the fourATCC reference strains were alsomeasured.The
test was performed four times on di¡erent days to include pos-
sible laboratory variation, and the mean zone values were used
for SRA calculations. These calculations gave the constants of
the equation as well as zone diameter correlates for di¡erent
MIC values using tentative disk contents of 5 mg, 10 mg and 30
mg. The regression lines for these species based on the four
reference strains are shown in Figure 4. It is clear that, among
Figure 2 M-strip containing 1, 3, 10 and
30mg of cipro¯oxacin in four locations
marked by lines inhibits the growth of Sta-
phylococcus aureus strain ATCC 29213 (a)
and S. aureus strain 15671 (b). The MIC
values of these strains were 0.40 mg/L and
4.0 mg/L, respectively, and the degree of
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Figure 3 Estimated cipro¯oxacin MIC values from M-SRA cal-
culations (Qzero 2.05) for 61 strains plotted against their true
MIC values show a signi®cant correlation (calculated MIC
1.5370.8269 true MIC, R 0.9696; MIC values are
expressed as 2 log 9). Broken lines indicate the 95% con®-
dence interval.
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the four strains, one of them, Pseudomonas aeruginosa, shows a
marked deviation from the other species, as shown above for
clinical isolates.When the cipro£oxacin MIC R-limit recom-
mended for cipro£oxacin, Rr 4.0mg/L, was studied for
zone diameter equivalents using the di¡erent disk contents,
the 30-mg disk showed measurable zones for all species curves
around the MIC limit for resistance.The same was true for the
10-mg cipro£oxacin disk. However, when the 5-mg disk was
studied, the inhibition zones at the R-limit were zero for both
S. aureus and Enterococcus faecalis. For the 10-mg cipro£oxacin
disk, the zone equivalents were calculated and the interpretive
breakpoints were determined according to earlier procedures
[18], thus providing a calibration of the disk di¡usion test
[6,9].
D I S C U S S IO N
The SRA equation for the formation of inhibition zones in
disk di¡usion tests di¡ers from the regular regression line
equation in one major aspect; the disk content is retained as a
variable. This opens up several new applications of the equa-
tion. First, it is possible to evaluate di¡erent disk contents for
new antibiotics when a routine test disk has to be decided
upon [9^11]. Rational criteria for an optimal disk content can
therefore be followed. Second, it is possible to calibrate the
disk di¡usion test to obtain interpretive zone breakpoints cor-
responding to reference recommendations of MIC limits for
susceptibility [6,9,18]. This possibility is particularly valuable
for microbes where the reference authorities have not issued
any zone breakpoints or when the culture conditions are dif-
ferent from the standard or just di¤cult to standardize [10]. It
is of critical importance that the bacterial isolate selected as the
reference strain for calibration is representative of the group
[5,6,19]. Growth rate di¡erences have recently been pointed
out as one major type of variability factor which might con-
found interpretations [20].
The third application of the SRA equation with interesting
potential is the possibility of estimating the MIC value of an
unknown strain, as shown in the present investigations. Simi-
lar approaches have been described earlier [12^14] or are in
progress (M. Bedna¨Ö, personal communication). At ¢rst
glance, there is also a similarity between theM-strip and the E
test [21]. However, as is pointed out repeatedly in its patent
description (US Patent no. 5,028,529, July 2, 1991), the E-strip
carries a continuous concentration gradient of antibiotic, not
precise and distinct applications of antibiotics where the zone
of inhibition can be measured. In spite of numerous publica-
tions on the use of the E test, there is, to our knowledge, no
scienti¢c analysis of its basic principles.With the SRA equa-
tion, we can use the precise zone measurements for calcula-
tions in the three major SRA applications: (1) determination
of optimal disk content; (2) calibration of the disk test; and (3)
estimation of MICvalues of clinical isolates.The SRAmethod
could also be easily applied to image analysis equipment for
automatic readings of inhibition zones where the necessary
SRAcalculations are performed by the connected computer.
The precision of MIC dilution methods is lower than the
precision of the disk di¡usion test [17]. It is therefore possible
that the 2 log dilution method of the reference MIC tests is not
powerful enough for an evaluation of the present M-test pro-
cedure. It would be valuable to study the M-test principle
using sets of disks or M-strips for all the common antibiotics
and bacterial species. In such studies, the question of the preci-
sion of MIC tests should also be addressed.
The E test is widely used because of its simplicity in com-
parison with dilution methods. Basically, the E test is a di¡u-
sion method. An alternative MIC estimation method such as
the di¡usion method suggested in the present studies might
o¡er a less expensive alternative to the E test.The fact that the
inhibition zone measurements can be processed in the local
computer also o¡ers other advantages. It has been reported
that E test results sometimes deviate from the true MIC values
[22^24], with values higher than the MIC [25^28] as well as
lower than the MIC [29^32], sometimes depending on the

























Figure 4 Cipro¯oxacin regression lines for reference strains
Staphylococcus aureus ATCC 29213, Enterococcus faecalis
ATCC 29212, Escherichia coli ATCC 25922, and Pseudomonas
aeruginosa ATCC 27853, based on SRA calculations for a 10-
mg disk. These SRA calculations are performed using zone size
squared, which gives better mathematical adherence to the
true performance of diffusion tests but also produces a curved
appearance of the regression lines when zone values are
plotted linearly, as shown.
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observed that E test deviations from the true MIC are greater
at higher MIC values [28]. If such di¡erences can be noted
reproducibly also for M-testing, and if there is a correlation
with the Qzero values obtained, then correction factors can
easily be introduced during the computation of the results.
Also, this aspect should be addressed in future studies of M-
SRA applications.
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